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Abstract 
Based on analysis of surface average temperature and burn degree, this article obtains the threshold temperature of surface 
burn in grinding titanium alloy with cup wheels. Meanwhile, the impact of the burn degree on the metallographic structure of 
workpiece surface and metallurgical phase transformations is investigated. In order to reduce the grinding temperature and im-
prove the grinding efficiency, a self-inhaling structure cup segmented wheel is developed to generate internal cooling effect. The
internal cooling technology is compared with traditional cooling conditions in the grinding experiments on TC4 (Ti-6Al-4V). 
The results indicate that the self-inhaling internal cooling wheel can reduce the grinding surface temperature by 30% or more, 
and the grinding efficiency doubles. Utilizing water-based semi-synthetic coolant, the segmented wheel with the self-inhaling 
structure can further reduce the grinding temperature by about 50%. 
Keywords: grinding; temperature measurement; surface burn; internal cooling; self-inhaling 
1. Introduction1
As one of the most commonly used titanium alloys, 
TC4 (Ti-6Al-4V) is widely used in the aerospace, de-
fense industry and other fields owing to its favorable 
mechanical properties and resistance to surface corro-
sion, even under high-temperature conditions. Unfor-
tunately, the unique physical and chemical properties 
that make these alloys suitable for many applications 
also contribute to the difficulty in cutting and grinding. 
With the development of aero-engines, supersonic air-
craft and sophisticated weapons, it is more important 
to improve the dimensional precision and surface in-
tegrity. Grinding is often the last process to ensure all 
the quality requirements. At the same time, sculptured 
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surface precision grinding has gradually become an 
ideal processing method to manufacture many key 
components[1-4]. So the performance of grinding is 
essential to the quality of titanium alloy workpieces. 
Because of their poor thermal properties as well as 
their active chemical properties in terms of high tem-
perature and low elastic modulus, titanium alloys are 
characterized by a high specific energy and a high 
grinding zone temperature. Especially in high speed 
sculptured grinding process with the cup wheel on 
titanium alloy, many negative phenomena are prone to 
happen, such as serious adherence between the wheel 
and grinding debris, finished surface burn and poor 
surface integrity[5-9]. The reasons for these phenomena 
have been proved that the wheel prevents coolants 
from moving in the grinding zone under high-speed 
conditions. Therefore, the surface burn is particularly 
prominent. 
The objective of this article is to give full play to the 
superiority of high speed grinding in the field of preci-
sion grinding titanium alloy, suppress the surface burn 
and improve grinding efficiency. The cup segmented Open access under CC BY-NC-ND license.
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wheel with a novel self-inhaling structure is presented 
based on in-depth analysis of grinding burn mecha-
nism of titanium alloy, which can utilize the energy of 
spindle to draw the coolants into inside of the cup 
wheel, and then throw out from the edge of the wheel 
under the effect of centrifugal force. This approach is 
called internal cooling. Through this process, urging 
the coolants into grinding zone from the inside of the 
wheel is achieved, which can reduce the grinding 
temperature and improve the machining efficiency. 
2. Surface Temperature Measurement and Analysis 
of Grinding Burn 
2.1. Experimental conditions and equipment of tem-
perature measurement 
In the present work, an inserted thermocouple was 
used to measure the surface temperature of titanium 
alloy TC4 grinding[6,10-13]. The installation method and 
signal acquisition of which is shown in Fig.1. In the 
experiments, cubic boron nitride (CBN) wheels were 
used with the diameter 80 mm and the thickness 
2.9 mm. The grain size and concentrations were 80# 
and 125% respectively. Black SiC was used as the 
second phase abrasive, the volume ratio of which was 
12%. The workpiece material TC4 was prepared ac-
cording to conditions for turbine vanes of aircraft. The 
workpiece was 23 mm in the feed direction and 10 mm 
wide. The grinding fluid was Great Wall M0006 Spe-
cial Oil. 
Grinding temperature on the workpiece surface was 
measured by an inserted thermocouple, which con-
sisted of enameled constantan wires (the diameter was 
0.15 mm) and was implanted between two pieces of 
split workpiece, as shown in Fig.1. Thermal emf signal 
from the thermocouple was obtained by a single pass 
of the grinding wheel over the workpiece surface. A 
100 times amplifier is necessary to enlarge the signal 
because the thermal emf signal is generally no more 
than 100 mV. The amplified emf signals were then 
transformed into digital signals through an A/D con-
verter and were stored in a computer for further analy-
sis. The hot junction was formed when the workpiece 
material became plastically deformed and was re-
moved during the grinding process. The insulator layer 
at the end of the wire was damaged and the thermo-
couple wire got in touch with the surrounding metal. 
Because the wire was very thin, the thermal emf signal 
of the reference junction could be absolutely consid-
ered as the instant temperature signal of the internal 
grinding zone.  
Under the above experimental conditions, the grind-
ing temperature curve and periodic features of one 
grinding cycle obtained from the measuring point C
are shown in Fig.2 under wheel speed vs= 41.9 m/s, 
grinding depth ap= 0.005 mm, and radial feed rate vr=
500 mm/min. The wheel path is indicated by points 
A-F.
In Fig.2, tS is the time when the front edge point S of 
the wheel reaches point B; one grinding cycle during 
the experiment is from the first tS to the second tS. tin
and tout respectively represent the time when the front 
edge point S reaches the measuring point C and the 
back edge point P leaves the point C . 
Fig.1  Installation of inserted thermocouple and experimen-
tal grinding process.
Fig.2  Typical temperature curve.
2.2. Relationship between surface temperature and 
grinding burn degree 
Many research results show that the average tem-
perature of grinding zone is the direct influencing fac-
tor of the surface burn, which is formed by the con-
tinuous energy accumulated[5,7,14-18]. In order to obtain 
the threshold temperature of surface burn in grinding 
titanium alloy with a cup wheel, two different condi-
tions of grinding experiments are selected as follows. 
Condition 1: wheel speed vs=50.3 m/s, grinding 
depth ap=0.015 mm, radial feed rate vr=1 500 mm/min, 
a 10% solution of water-based soluble oil is used as 
coolant for the grinding tests. The obtained tempera-
ture and ground workpiece surface pictures are shown 
in Figs.3-4. 
Fig.3  Threshold burn temperature in grinding of TC4. 
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Fig.4  Slight burn surface in surface grinding of TC4.
Condition 2: wheel speed vs =50.3 m/s, grinding 
depth ap=0.010 mm, radial feed rate vr=1 000 mm/min. 
Under the conditions of dry grinding, the experimental 
results are summarized in Figs.5-6. 
Sufficient experiments under various grinding pa-
rameters prove that slight burn surface with beige ap-
pearance only occurs when the average temperature 
exceeds 470 °C. At this moment, the micro-surface 
texture is clear and smooth by observing through a 
scanning electron microscope (SEM) and an optical 
microscope. The impact of grinding temperature on the 
surface integrity of TC4 workpiece is not very signifi-
cant. The deformed grains are only distributed within 
Fig.5  Curve of grinding temperature with heavily burn
surface. 
Fig.6  Heavily burn surface in surface grinding of TC4. 
the surface layer of about 0.022 mm thick and the plas-
tic deformation zone is small. 
When the temperature exceeds 750 °C, serious burn 
with deep blue colour appearance occurs accompanied 
by a severely deformed surface layer. Meanwhile, at 
high grinding temperature, tiny grinding debris ad-
heres on the surface of the wheel and makes it blunt 
(see Fig.7). Also, the thickness of the plastic deforma-
tion zone increases to about 0.1 mm. Besides, the 
ground TC4 surface is adhered and coated by the 
grinding debris, and the micro-surface is shown in 
Fig.6(b).  
Fig.7  Adherence of CBN wheel surface. 
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With large grinding force and high temperature, the 
primary Į-phase, the secondary Į-phase and the 
ȕ-phase are extruded and twisted in the plastic defor-
mation zone. Their distribution is haphazard compared 
with the original regular distribution and there are 
many tiny cracks on the grinding surface. Furthermore, 
the surface integrity of the workpiece is destroyed 
completely, which weakens the favorable mechanical 
properties of titanium alloys seriously. So the average 
temperature of grinding surface should be strictly con-
trolled to avoid exceeding the threshold temperature in 
the process of grinding titanium alloy. 
3. Suppressing Burn of Grinding Surface 
It is important to suppress the grinding surface burn 
by reducing the grinding temperature and making it 
not exceed the threshold temperature. So the type and 
the applying method of grinding fluid have an under-
lying effect on the aspects of lubrication and cooling 
especially in high speed sculptured grinding titanium 
alloy with a cup wheel[5-7,10-12]. At this time, the sealed 
structure of the wheel prevents coolants inflowing   
in the grinding zone under high-speed conditions  
because of the large centrifugal force, which leads to 
the sharply rising grinding temperature, the wheel ad-
hesion, and therefore low grinding efficiency and 
quality. 
3.1. Utilizing segmented wheel with self-inhaling 
structure to suppressing burn 
For the purpose of improving grinding efficiency 
and quality and obtaining burn-free surface finish, the 
article presents a cup segmented wheel with self-inh- 
aling structure similar to an axial flow pump, as shown 
in Fig.8. The principle of the work is as follows: 
(1) Through the holder on the top of the wheel, the 
wheel is connected with the high-speed spindle. And 
the grinding fluid inflows into the coolant reservoir 
along the cylindrical surface of the shank, where the 
velocity is lower than that of other parts of the wheel. 
(2) There are many slots on the bottom surface of 
the coolant reservoir, which have an angle J in x direc-
tion and an angle T in y direction. When the wheel 
rotates at a high speed, the grinding fluid is sucked 
into the coolant reservoir of the wheel through those 
slots.
(3) The grinding fluid stored in the coolant reservoir 
is thrown out from the edge of the wheel under the 
effect of the two angles as well as the great centrifugal 
force, and then just spouted into the grinding zone. In 
order to effectively cool and lubricate the grinding 
zone, and inhibit the upward trend in maximum value 
of the grinding temperature as the contact length in-
creases, it is therefore necessary that the grinding area 
of the cup wheel is separated or slotted. 
Fig.8  Segmented wheel with a self-inhaling structure.
3.2. Experimental results and discussion 
For the purpose of verifying the performance of the 
self-inhaling wheel in improving grinding efficiency 
and suppressing the surface burn, and exploring objec-
tive laws of the grinding temperature changing with 
the cutting parameters, the grinding experiments are 
carried out as follows and the experimental conditions 
are shown in Table 1. The results are illustrated in 
Figs.9-10. 
Compared with the internal cooling of the self-inha- 
ling wheel, the average temperature of grinding surface 
under the conditions of conventional external cooling 
Table 1  Experimental conditions and cooling methods 
Cooling method Parameter of grinding fluid 
External 
cooling 
Utilize the conventional seg-
mented wheel and coolant is 
poured into the grinding zone. 
Internal 
cooling 
Utilize the segmented wheel 
with a self-inhaling structure; the 
coolant is inhaled inside of the 
wheel and then thrown out from 
the edge of the wheel because of 
the great centrifugal force. 
Flow rate: 
2 m3/h
Pressure: 
0.5 MPa 
Fig.9  Curves of grinding temperature under different cool-
ing conditions (vs=41.9 m/s, vr=500 mm/min, ap=
0.005 mm). 
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Fig.10  Curves of grinding temperature changing with 
grinding parameters under external cooling condi-
tions.
is 50% higher than that of utilizing internal cooling or 
both cooling methods, as shown in Figs.9-10. And 
with the increase of ap or vr, the surface temperature 
increases sharply. When radial feed rate vr=1 000 mm/ 
min and grinding depth ap=0.010 mm, the surface 
temperature is up to 550 °C and exceeds the threshold 
burn temperature. 
When using both internal and external cooling 
methods, the temperature of grinding surface is almost 
equal to that of using internal cooling methods (see 
Curve 1 and Curve 2 in Fig.9). It is indicated that the 
external cooling method has little effect on reducing 
the grinding temperature, and the grinding temperature 
can be reduced significantly through the internal cool-
ing method. Curves of grinding temperature changing 
with the grinding parameters are shown in Figs.11-12 
under the conditions of utilizing both cooling methods. 
Fig.11  Grinding temperature changing with grinding depth 
utilizing both cooling methods (vs= 41.9 m/s, vr=
1 000 mm/min). 
Fig.12  Grinding temperature changing with radial feed rate  
utilizing both cooling methods (vs=41.9 m/s, 
ap= 0.010 mm). 
If the average temperature is below the threshold 
burn temperature of 470 °C, the grinding efficiency 
using the conventional cup wheel is about 80 mm3/min 
(see Figs.9-10). It can be seen from Figs.11-12 that 
with this novel structural wheel under the external and 
internal cooling together, the grinding efficiency is 
twice as high as using the conventional cup wheel. 
Meanwhile, experimental results show that the rate of 
grinding temperature increasing with ap is faster than 
that increasing with vr. Therefore, in order to improve 
the grinding efficiency in the premise of obtaining 
burn-free grinding surface, first priority should be 
given to the radial feed rate. 
3.3. Utilizing water-based semi-synthetic coolant to 
suppressing burn and experimental results 
Under three different conditions of dry grinding, 
external cooling and both cooling methods utilizing 
water-based semi-synthetic coolant, curves of grinding 
temperature changing with radial feed rate vr are 
shown in Fig.13. With the same grinding parameters, 
the surface temperature of dry grinding is the highest, 
which is about 3 times as high as utilizing both cooling 
methods, so that the surface burn occurs under the 
conditions of low grinding efficiency. However, the 
temperature of using conventional external cooling 
method is almost twice of using both external and in-
ternal cooling methods. So, the grinding efficiency is 
significantly enhanced.  
Fig.13  Grinding temperature changing with cooling 
conditions and radial feed rate (vs=50.3 m/s, 
ap= 0.012 mm). 
Utilizing both cooling methods together with the 
self-inhaling structure cup shape, segmented wheel can 
dramatically reduce the grinding temperature. Then, 
the grinding efficiency can be significantly enhanced 
in the premise of no grinding burn, which is about 2.5 
times as high as using conventional external cooling 
method. 
Comparison between Fig.13 and Figs.11-12 reveals 
that utilizing water-based semi-synthetic coolant can 
reduce the grinding temperature and further enhance 
the machining efficiency, therefore decrease the prob-
ability of surface grinding burn. 
4. Conclusions 
(1) Utilizing the inserted thermocouple is able to 
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measure the surface average temperature of grinding 
titanium alloy under high-speed conditions. Sufficient 
experiments under various grinding parameters prove 
that surface burn only occurs when the average tem-
perature exceeds the threshold burn temperature of 
470 °C. The burn degree becomes increasingly severe 
as temperature increases. At high burn degree, the 
grinding surface with deep blue appearance occurs 
accompanied by a severely deformed surface layer and 
many cracks appear, and the plastic deformation zone 
of the ground surface is expended rapidly. 
(2) Taking advantage of the segmented wheel with 
the self-inhaling structure can reduce the grinding sur-
face temperature by at least 30% with external and 
internal cooling methods together. And in the premise 
of obtaining burn-free ground surface, the grinding 
efficiency can be increased to about twice. 
(3) Utilizing water-based semi-synthetic coolant, the 
segmented wheel with the self-inhaling structure can 
further reduce the grinding temperature by about 50%, 
thereby increasing the machining efficiency and re-
ducing the probability of surface grinding burn. 
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